Six municipal solid waste (MSW) and yard waste components (food waste, mixed paper, yard waste, leaves, branches, grass clippings) were aerobically decomposed to measure the extent of decomposition under near optimal conditions. Decomposition was characterized by at least two principal stages, for most components, as was indicated by the carbon dioxide production rates. An aerobic biodegradation conceptual model is presented here based on the principle that solids hydrolysis is the rate-limiting step during solid waste composting. The mineralizable solid carbon of each solid waste component was assumed to comprise the readily, the moderately and the slowly (or refractory) hydrolysable carbons, each hydrolyzing at different rates to aqueous (water soluble) carbon. Aqueous carbon mineralizes to CO 2 at rapid rates that are not rate-limiting to the process. Solids hydrolysis rate constants were calculated after fitting the experimentally determined carbon dioxide production rate data to model results. Hydrolysis rates for the readily hydrolysable carbon in all components ranged from approximately 0.06 to 0.1 d À1 ; hydrolysis rates for the moderately hydrolysable carbon ranged from 0.005 to 0.06 d À1 . Leaves, branches and grass clippings did not have a readily hydrolysable carbon fraction, whilst the leaves and branches had the largest slowly hydrolysable carbon fractions (70%, 82%, respectively, of the total solid organic carbon). Grass and yard waste did not contain slowly hydrolysable carbon fractions. Food waste had the largest readily hydrolysable carbon fraction and produced the highest amount of CO 2 among all substrates. Moderately hydrolysable solid carbon fractions ranged from 16% to 90% of the total solid organic carbon for all substrates used.
Introduction
Aerobic decomposition (composting) is a potential treatment technique for municipal solid waste (MSW) and yard waste. Recently, composting has gained a lot of interest particularly in Europe. For example, recent European legislation (Directive 99/31/EC) dictates that biodegradable components should be gradually diverted from landfills, necessitating the use of alternative MSW treatment techniques, such as composting.
Solid waste decomposition rates are affected by all factors that commonly affect microbial growth (moisture, pH, temperature, nutrient levels) as well as by the composition of the starting materials (Gray et al., 1971) . The time required to reach compost maturity is a key parameter for the proper design of solid waste composting facilities. The variability in composting retention times and decomposition rates is partly responsible for the variability of the types of solid waste composting facilities present nowadays. Aerated pile, turned window and in-vessel technologies, as well as combinations of them, are typically used for MSW, yard waste and sludge composting (USEPA, 1994) .
A series of composting experiments were performed in previous work (Komilis and Ham, 2000) . One of the objectives of the experiments was to investigate the effect of the starting material (different solid waste components) to the rate and extent of decomposition (Komilis and Ham, 2003) . Based on these experiments, a first order mathematical model was developed to calculate the different solid carbon fractions that hydrolyze at different rates to water soluble carbon. The model was based on the principle that solids hydrolysis is the rate-limiting step during aerobic decomposition. This was true for the specific experiments, since near optimal conditions (moisture, temperature, microbial population, nutrients) were maintained throughout the runs (Komilis and Ham, 2000) .
Solids hydrolysis has also been suggested as the ratelimiting step during anerobic decomposition of MSW (El-Fadel et al., 1989) , as long as near optimal conditions are maintained. El-Fadel et al. (1989) fractionated initial solid organic carbon into three groups, namely readily hydrolysable, moderately hydrolysable and slowly hydrolysable carbon and used Monod kinetics to describe the amounts of methane and carbon dioxide emitted from solid waste landfills.
Kinetic studies of solid waste composting have been presented in Hogan et al. (1989) , Marugg et al. (1993) , Martinez-Iñ igo and Almendros (1994) , Hamelers (1996) and Boni and Musmeci (1998) . According to the kinetic study of yard waste composting in Marugg et al. (1993) , an overall reaction constant -that includes a solids hydrolysis rate -was estimated to range from 0.165 to 0.190 d À1 for different mixtures of grass, leaves and cardboard. Hamelers (1996) presented a composting particle kinetic model, in which the hydrolysis of insoluble organic polymers to soluble organic matter was based on first order kinetics. The overall hydrolysis rate constant used by Hamelers (1996) was 0.08 d À1 , based on literature data on the anaerobic hydrolysis of wastewater sludge. Boni and Musmeci (1998) performed respirometric experiments using several solid waste components (e.g., paper waste, vegetable waste) that were placed in liquid media containing several nutrients and activated sludge. The first order biodegradation rates computed for these substrates ranged from 2700 to 47,500 d À1 . However, these values cannot be considered typical solid hydrolysis rate constants due to the conditions of the experiments.
The objective of this study was to calculate the readily, moderately and slowly hydrolysable solid carbon fractions, and their corresponding hydrolysis rate constants, for six (6) biodegradable solid waste components under aerobic conditions. This was done by using various experimental results and mathematical modeling.
Materials and methods

Laboratory setup
Six experimental runs were carried out in simulated aerobic degradation conditions under thermophilic temperatures. The six substrates used separately in each run were: mixed paper waste, food waste, yard waste, grass clippings, leaves and branches.
Mixed paper waste was prepared by mixing old corrugated cardboard, printed office paper and old newsprint at percentages of approximately 45%, 21% and 34%, respectively, on a wet weight basis, based on a typical composition for mixed paper in the US (Tchobanoglous et al., 1993) . All types of paper used in the experiment were shredded with an open top shear shredder (Shred Pax Corp., Woodale, IL) to approximately 3 to 4 cm square pieces.
Food waste were simulated using milk, cooked pasta, hamburger, lettuce, raw potatoes and carrots, mixed in equal wet weight amounts. All food products were obtained from a local grocery store and prepared prior to each run.
Yard waste were prepared by mixing grass clippings and leaves at an arbitrary ratio of approximately 1.5:1 (dry content basis), respectively. Grass clippings were collected randomly from a yard waste drop-off area in Madison (WI). Leaves and branches were collected once from a local yard. Branches consisted of small twigs of 5 to 10 cm length. Grass, leaves and branches were placed into the digesters without any prior shredding.
The six laboratory runs were carried out using custom made 25 L airtight stainless steel digesters constructed by Hooper ä Corporation (Madison, WI). All substrates were mixed with #1.5 HyPak Ò aluminum packing material (4.5 cm thickness · 4.5 cm diameter) acquired by Norton Chemicals (Akron, OH), at a percentage of approximately 10% to 15% of the volume occupied by the substrate, to facilitate air flow. A 4.5 cm air plenum was placed at the bottom of the digesters to provide uniform aeration. Initial moisture content was set to 55-60% (ww) for all substrates by adding tap water, unless the initial content was higher than that, such as in food waste. Nitrogen was added as NH 4 NO 3 salt dissolved in the water used to increase the moisture content of mixed paper and branches, since their initial C/N ratios were higher than 25 to 30 for both. The initial C/N ratios for all six runs are included in Table 1 .
Mixed paper was seeded with partially composted MSW, to initiate decomposition, at a ratio of approximately 1:10 of dry seed to dry substrate (Komilis and Ham, 2000) . The seed was collected from a nearby MSW composting facility located at Portage (WI). Branches were seeded with leaves at a ratio of 5.4:1 dry branches to dry leaves.
Laboratory ambient air was continuously pumped into the digesters using an air pump operating at a positive pressure. The air first passed through a 500 mL 5 N KOH solution to capture ambient CO 2 and then passed through 10 L of distilled water, kept at incubator temperature, to humidify the substrate. A valve prior to each digester was used to regulate airflow to each digester so that oxygen content within the digester was kept higher than 15% by volume for all runs. Aluminum packing was mixed with all substrates to facilitate air flow. Moisture was added upon drying of a material during the course of a run. The digesters were operating concurrently in an incubator at a 52 ± 2°C temperature (thermophilic range).
The above aerobic degradation conditions were considered close to optimal.
Dry weights of the materials used in all runs ranged from 130 to 1100 g with corresponding wet weights ranging from 1.5 to 2.5 kg. All components were stored at 4°C until needed to aid reproducibility. The total organic carbon in the starting and finished solid materials was measured using an oxidation process (Komilis and Ham, 2000) . The water soluble matter in the starting and finished substrate was estimated by weight difference, after hot water extraction (Komilis and Ham, 2000) , and was expressed on a dry weight basis. According to Inoko et al. (1979) , the organic compounds in hot water extracts from refuse in Japan were mainly sugars, amino acids, starch and pectins, with a measured carbon content in these extracts approximately equal to 40% (dry weight basis).
Carbon dioxide production was measured for all experimental runs. The air stream exiting a digester passed through a 750 mL 5 N KOH solution to capture carbon dioxide and then through a 500 mL 1 N H 2 SO 4 solution to capture ammonia. The cumulative mass of captured carbon dioxide (expressed in g CO 2 À C) was measured periodically by titration. The alkaline trap was replenished when the CO 2 À C concentration in the solution would exceed 10 g CO 2 À C/L.
The experimental runs were terminated when carbon dioxide production rates dropped below approximately 0.5 g CO 2 À C/dry kg/day and after ensuring that this was not due to moisture limitation. Therefore, durations for each run varied, as shown in Table 1 , depending on when a run approached a complete degradation. Only the grass run was terminated earlier, due to time and budget constraints; apparently grass did not approach complete degradation.
Laboratory analysis included measurements of CO 2 production rates, CO 2 yields (total cumulative mass of carbon dioxide emitted for each substrate separately), total carbon contents and water soluble dry matter at the initiation and end of each run. Table 1 includes properties of the six experimental runs. The differences in C closures among the different substrates are attributed to analytical errors.
The laboratory methods and experimental setup are described in more detail in Komilis and Ham (2000) .
Conceptual model
Solid waste comprises several biodegradable organic and inorganic components. Different fractions of the biodegradable organic components eventually mineralize to CO 2 and H 2 O at different rates. The study will be based on modeling CO 2 production rates for the Table 1 Properties of six experimental runs Substrate Substrate C content three principal MSW components, namely food waste, yard waste and mixed paper waste, as well as for three individual yard waste components (leaves, branches and grass clippings).
A simplified metabolic pathway of carbon during aerobic degradation of lignocellulosic matter is suggested in Fig. 1 . Actual pathways can be rather complex and some, such as the humification pathway, are not yet well understood. For example, though the lignin theory suggests that only lignin is the only source of humic matter (Stevenson, 1994) , cellulose, the primary building block of MSW, is nowadays accepted to be a humic matter precursor too (polyphenol theory). In most lignocellulosic materials, such as solid waste, cellulose is protected by both lignin and hemicellulose. That is, these last two building blocks have to be attacked first prior to cellulose attack. Cellulose is microbially attacked first at its amorphous regions and then at its crystalline regions (Szegi, 1988) ; therefore cellulose hydrolysis rates might change with time and differ among substrates depending on cellulose lignin association and cellulose crystallinity.
Hydrolysis of the solid matrix is the first step towards the eventual substrate mineralization to carbon dioxide and water. Cellulose decomposes down to glucose, while other water soluble sugars (e.g., arabinose, mannose, xylose and glucose) are the main hydrolysis products of hemicellulose. Other water-soluble compounds can be amino acids, various sugars, alcohols, other types of acids, which are either initially present or appear after degradation of complex starting materials. Phenolic acids, produced during the partial degradation of lignin and humic matter (Stevenson, 1994) , are also water soluble compounds. The final carbon sinks during composting are carbon dioxide and humic matter. Humic matter is an almost stable organic polymer that mineralizes at minimal rates.
Mathematical formulation
Based on the above theory, the total initial solid carbon (C T ) of a solid waste component (in g C/dry kg) is assumed to comprise three solid carbon groups, namely the readily (Cs r ), the moderately (Cs m ) and the slowly (Cs s ) hydrolyzable solid carbon, each expressed in g C/ dry kg. RHCF, MHCF and SHCF are defined as the readily, moderately and slowly hydrolysable carbon fractions, respectively, and are equal to Cs r /C T , Cs m / C T and Cs S /C T , respectively. Apparently, RHCF, MHCF and SHCF are, each, less or equal to 1.
Cs r is assumed to hydrolyze at a k hr first order hydrolysis rate, which is greater than the first order hydrolysis rate of Cs m (k hm ). Both hydrolysis rate constants (k hr , k hm ) will be parameters to be estimated through fitting of the experimental data to the proposed model. Cs r and Cs m hydrolyze to intermediate water-soluble (or aqueous) carbon (C aq ), following first order kinetics. The produced C aq is then added to the initial sink of water soluble carbon (C aq 0 ). The water soluble carbon, measured through hot water extraction (Komilis and Ham, 2000) A fraction of the water-soluble carbon is assumed to convert to carbon dioxide, while the rest is converted to microbial biomass, which is also part of the total solid carbon sink. Due to endogenous decay, a fraction of the microbial biomass is ultimately converted to CO 2 , while the rest becomes part of the ''stabilized'' humus fraction. The CO 2 yield coefficient, as used in the model, refers to the mineralizable carbon that will be ultimately converted to CO 2 , regardless of the pathway followed. Therefore, this yield coefficient is taken equal to 1, indicating that all initial mineralizable carbon will be eventually converted to carbon dioxide.
The water soluble fraction is mineralized to CO 2 through a first order rate reaction at a k aq rate. The mineralization rate of water soluble carbon is not expected to be rate-limiting. Therefore, an infinite value can be used for the C aq mineralization rate constant k aq to reflect the rapidity of this stage. For practical purposes, a relatively high value (10 6 d À1 ) is used for k aq during model development for all substrates.
Solids hydrolysis
Solids hydrolysis is described by the first order Eqs (1)-(3). The growth and decay of the microbial biomass is not accounted for in the model, since the pathway modeled assumes that microbial biomass will be eventually mineralized to CO 2 and stabilized carbon:
where Cs r , Cs m , Cs s : readily, moderately or slowly hydrolysable carbon, respectively (in g C/dry kg of starting material); k hr , k hm , k hs : first order hydrolysis rate constants for the readily, moderately and slowly hydrolysable carbon, respectively (d À1 ). It is noted that k hs equals 0 d À1 and therefore Eq. (3) can be practically omitted, since Cs s remains constant throughout the process.
Aqueous carbon and carbon dioxide formation
Aqueous carbon is produced during hydrolysis of solid carbon and consumed during its conversion to CO 2 , as described in Eq. (4). The formation of CO 2 from aqueous carbon is mathematically described in Eq. (5):
where i: r, m, s for the readily, moderately and slowly (or refractory) hydrolysable solid carbon, respectively; C aq : aqueous carbon produced by solid carbon hydrolysis (g C/dry kg); according to Inoko et al. (1979) , the carbon content of the water extracted dry matter was taken equal to 40% on a dry weight basis; k aq : aqueous carbon mineralization rate constant (d À1 ); this value is taken equal to 10 6 d À1 ; Y Co 2 : fraction of the aqueous carbon that is converted to carbon dioxide either directly or after conversion to new cells; new cells will be eventually mineralized, via endogenous decay, to CO 2 (g CO 2 À C/ g mineralizable C); this yield coefficient is taken equal to 1; C CO 2 : carbon (as carbon dioxide) produced from the ultimate mineralization of aqueous carbon (g CO 2 À C/ dry kg).
Analytical solutions
Eqs. (1)- (5) are solved analytically using Laplace transformations (Churchill, 1974; Walas, 1991) , as described in Eqs. (6)- (10):
where C CO 2 t : cumulative carbon dioxide (g CO 2 À C/ dry kg) produced at time t from the initiation of composting; C sr_t , C sm_t , C ss_t : readily, moderately and slowly hydrolysable solid carbon at time t from the initiation of composting (g C/dry kg); C sr 0 , C sm 0 , C ss 0 : initial readily, moderately and slowly hydrolysable solid carbon (g C/dry kg); C aq 0 : initial aqueous (water-soluble) carbon (g C/dry kg), with other parameters as defined previously.
Model solution
The analytical solutions were input in a spreadsheet (Microsoft Ò Excel 5.0). The five dependent variables estimated after fitting of the experimental data separately for each solid waste component were: three (3) groups of hydrolysable solid carbon, Cs r , Cs m , Cs s . two (2) first order hydrolysis rate constants (k hr , k hm ). k hs was set equal to a value close to 0 (10 À6 d À1 ) indicating that refractory carbon degrades at negligible rates.
The known (independent) variables were:
The total initial carbon (C T 0 ), measured separately for each solid waste component prior to the initiation of an experiment. C T 0 equals the sum of the initial readily, moderately and slowly hydrolysable carbons and the initial aqueous carbon, that is
The total final carbon (C T final ), measured at the end of an experimental run, is calculated by Eq. (12)
where C T final : final total solid carbon, as measured at the end of the experiments (g C/dry kg); C sr final : final readily hydrolysable solid carbon (g C/dry kg); C sm final : final moderately hydrolysable solid carbon (g C/dry kg); C ss final : final slowly hydrolysable solid carbon (g C/dry kg); it is noted that C ss final is expected to be approximately equal to C ss 0 due to the negligible hydrolysis of the slowly hydrolysable carbon; C aq final : final aqueous (water soluble) solid carbon (g C/dry kg).
Eqs. (6)- (10) predict the concentrations of solid carbon (in g C/dry kg of starting material) and the cumulative amounts of CO 2 produced (as g CO 2 À C/dry kg) at any time t (in days) from the initiation of composting.
Model fitting and constraints
The C CO 2 t values were calculated by the model at all times t for which actual measurements were performed. Residuals (errors) between model predictions at time t and actual CO 2 measurements were also calculated. Model results were calculated after minimizing the sum of the squares of the aforementioned errors using Microsoft ExcelÕs Ò SOLVER routine. The five dependent variables (Cs r , Cs m , Cs s , k hr , k hm ) were separately calculated during data fitting for each solid waste component. It is noted that each run used during modeling included 19 to 72 individual CO 2 data points. Therefore, degrees of freedom during the calculations ranged from 14 (19-5) to 67 (72-5). Modeling adequacy was expressed through the coefficient of determination (R 2 ). No trend was observed in the residuals when plotted versus time. Residuals had a mean 0, suggesting the adequacy of the models. It was also shown that only one combination of the five dependent variables provided the optimum (minimum) value. Data fitting to model predictions was based on the mathematical constraints included in Table 2 . k hr was assumed greater than k hm , since RHCF hydrolyzes faster than MHCF, as explained before. The k aq value was taken equal to 10 6 d À1 , indicating that the mineralization stage of C aq to CO 2 is rapid and therefore not rate-limiting. All values were assumed positive. Finally, Eqs. (11) and (12) were used as additional model constraints. All model constraints and conditions are included in Table 2 .
Results and discussion
The experimentally determined CO 2 cumulative production and corresponding CO 2 model predictions are presented in Fig. 2 . In addition, the CO 2 production rates and corresponding model predictions are shown in Fig. 3 . Table 3 summarizes all five parameters calculated by the model, as well as the coefficient of determination (R 2 ), separately for each solid waste substrate.
Assuming that solids hydrolysis is the rate-limiting decomposition step, the CO 2 production rates of all materials studied (see Fig. 3 ) reveal at least two prin- Table 2 Variables and constraints used during system solution (all C values in g C/dry kg substrate; all k values in d cipal decomposition stages for most components used. This is indicated by the relatively high CO 2 production rate right after the initiation of a run and the relatively low production rate later on. Apparently, decomposition of the RHCF results in the relatively high CO 2 production rate right after the initiation of composting, whilst the lower CO 2 production rates follow, as a result of the slower decomposition of MHCF.
The SHCF hydrolyzes at negligible rates over time and is practically not responsible for any CO 2 produced. To aid categorization, the readily hydrolysable carbon fractions were arbitrarily set to have hydrolysis rate constants higher than 0.06 d À1 , whilst the moderately hydrolysable carbon fractions were considered to have hydrolysis rate constants lower than 0.06 d À1 . The vari- ations in hydrolysis rates of RHCFs indicate that different chemical compounds are present within that fraction for each substrate. In addition, this indicates that similar compounds (e.g., cellulose) might simply hydrolyze at different rates due to crystallinity variations or different associations with lignin. The MHCFs probably include lipids, waxes and parts of cellulose and hemicellulose. The slowly hydrolysable solid carbon fractions, which are dominant in branches and leaves, being approximately 82% and 70% (dry weight), of the total solid or- ganic carbon, respectively, are practically refractory to biodegradation. SHCF probably comprises molecular structures such as lignin, humic and fulvic acids, humin, refractory proteins, cellulose and hemicellulose that are strongly associated (sheathed) by lignin.
Differences among substrates
Leaves, branches and grass contain MHCFs and SHCFs, without the presence of a RHCF. Therefore, the low amounts of CO 2 produced from leaves and branches are due to the absence of RHCF and the high SHCFs. The fact that grass has produced higher amounts of CO 2 , compared to branches and leaves, is explained by grassÕ relatively high MHCF (90%) and the absence of RHCF and SHCF. It is noted though that the experimental data for grass should be viewed with caution, since grass, apparently, did not approach complete degradation. The above did not allow a good data fitting for grass, as indicated by the relatively low R 2 coefficient achieved (86%). The MHCF in leaves, branches and grass hydrolyzed at rates equal to 0.03, 0.06 and 0.03 d À1 , respectively. Food waste contains three carbon fractions, namely RHCF, MHCF, SHCF. Food waste produced the highest amounts of CO 2 among all substrates. The RHCF in food waste hydrolyzed at rates equal to 0.1 d À1 , which was the fastest hydrolysis rate among all substrates. Food waste produced the highest amounts of CO 2 among all substrates (see Table 2 ), although it contained a SHCF approximately equal to 30%. The high amounts of CO 2 produced by food waste can be explained by the fact that this substrate had the highest initial aqueous carbon among all other substrates (11%).
Yard waste and food waste contained the highest RHCFs among all substrates, namely 25% and 14%, respectively. The RHCF in mixed paper and yard waste hydrolyzed at rates equal to 0.06 and 0.09 d À1 , whilst the MHCF in food waste hydrolyzed at a 0.05 d À1 rate. Mixed paper and yard waste contained MHCFs that hydrolyzed at rates equal to 0.005 and 0.008 d À1 , respectively.
Grass was the only substrate with one carbon group present, namely MHCF, without the presence of either RHCF or SHCF. The presence of two degradation stages was therefore not evident in grass, as can be also induced from its CO 2 production rate profile (Fig. 3) . This might be partly due to the relatively short time used for this specific run, not allowing grass to approach complete degradation. Since the model fitting achieved for grass was not as good as for the other substrates, results for grass should be viewed with caution.
It appears that overall CO 2 total production is positively correlated to the initial aqueous carbon fractions. This has been also discussed in Komilis and Ham (2003) . Therefore, food waste and yard waste, with C aq /C T fractions equal to 11% and 8%, respectively, emitted the highest amounts of CO 2 , namely 364 and 222 g CO 2 À C/dry kg, respectively (see Table 1 ). The lowest amounts of carbon dioxide were produced by leaves, branches and mixed paper, which were also the substrates with the three lowest initial aqueous carbon contents (2%, 2% and 3.5%, respectively).
The hydrolysis constants presented in this paper can be used to predict solids reduction for various substrates in solid waste composting facilities. This can aid in the design of such facilities and the estimation of the necessary composting retention times. However, it is noted that the hydrolysis constants and carbon contents calculated here are based on experiments run on near optimal composting conditions. Such conditions do not usually exist in real composting facilities; therefore, other parameters (moisture, nutrients, aeration etc.), in addition to solids hydrolysis, are expected to further influence overall decomposition rates in the field.
Conclusions
All solid waste components, except the grass, contain at least two solid carbon groups that hydrolyze to aqueous carbon at different rates. Grass and yard waste did not contain SHCFs. However, the fitting of experimental data from grass was not as good as for the other runs probably due to the fact that grass was not allowed to approach complete degradation. A positive correlation between initial aqueous carbon contents and total carbon dioxide production was observed.
